ABSTRACT This paper provides a mathematical model for a hypersonic flight vehicle system with actuator faults and then, proposes a fault-tolerant algorithm to increase the reliability of the attitude system. A terminal sliding mode controller for attitude angular loop is introduced to obtain the virtual control input. Thus, the required deflection angle of aerodynamic surfaces can be calculated via dynamic surface technique in inner angular rate loop. When the aero-surfaces are saturated and unable to supply the moment vector commanded by the fault tolerant controller, a reaction control system will be driven by quadratic programming allocator to provide the residual control torque. The system stability is analyzed utilizing the Lyapunov function. Several simulation results validate that the system output can track the desired command even under fault situations.
I. INTRODUCTION
As a recently developed flight vehicle with considerable potential applications, hypersonic flight vehicles (HFVs) have elicited considerable research attention in the last 10 years because of their extensive advantages, such as tactical attack and strategy monitoring [1] , [2] . Compared with ordinary aircraft, HFVs are more sensitive to changes in flight conditions due to their aerodynamic performance at high speed, unusual altitude at low density, high temperature, and strong convection [3] . Several physical components, such as elevators and rudders in aircraft, may malfunction because of the aforementioned special characteristics. When faults of some flight actuators have occurred, an unexpected need to use larger magnitudes and higher actuation rates of fault-free actuators is often caused if fault-tolerance design is not considered [4] . In addition, HFVs are more susceptible to the impact of actuator faults than ordinary aircraft. Therefore, self-healing control is highly significant for hypersonic technique. There are many options for self-healing control, among the most common methods are passive fault tolerant control and active fault tolerant control.
Actuator faults are pervasive in flight systems because of the aging of electrical elements, changes in the operating environment, and loosening of components. Common fault model can be described as gain and/or bias fault and even an unknown nonlinear function [5] . The attitude control of HFVs is based on eight aerodynamic surfaces, and thus, deflection faults will degrade the performance of a system or even threaten its stability if they are not considered. In the past few years, numerous studies have focused on faults and have attempted to resolve these issues [6] - [9] . Many control schemes have been proposed, including backstepping control [10] , [11] , sliding mode control [12] - [15] , observe-based control [16] , [17] , adaptive robust control [18] , dynamic inversion control [19] , output feedback control [20] and neural networks based control [21] - [23] , just numerate a few. A review of these schemes is provided in [24] . For hypersonic longitudinal system, An et al. [25] proposed an approximate backstepping fault-tolerant control scheme for a hypersonic longitudinal system; this scheme can deal with actuator faults under parametric uncertainties and external disturbances. Wang et al. [26] proposed a neural fault-tolerant control approach that addresses actuator faults and saturation in HFVs by transforming the dynamics into a prediction function. Xu et al. [27] proposed an adaptive neural control method based on the minimal learning parameter. The aforementioned control schemes are all passive controls. Passive control does not require precise fault information given its robustness against possible actuator faults. However, a limited fault tolerance capability is the major drawback of such control method [28] , [29] .
The active fault-tolerant control method based on fault diagnosis and estimation is widely used in hypersonic flight control. Undesired items will be compensated in this method [30] . The most frequent estimation algorithms are based on state and parameter observers [31] . An active fault-tolerant controller is more reliable than a passive fault-tolerant controller in certain situations when estimated fault information is provided. Fault estimation is one of the most important processes in an active control scheme. Q.K. Shen and B. Jiang [6] presented a sliding-mode observer to provide a bank of residuals for fault detection and isolation. In [32] , an additive actuator fault was compensated by an input adjustment term that was generated by a fuzzy iterative learning observer. An active compensator is based on the estimation results, and thus, tracking performance will depend on estimation performance. Therefore, exact fault information is essential for fault-tolerant control. However, the process of seeking an estimated value for a correct value requires either more or less time, which is unnecessary for passive control. Performance effect of such time delay is analysed in [33] . HFVs are more susceptible to the impact of actuator faults than ordinary aircraft; accordingly, fault estimation based on active fault-tolerant control is adopted to compensate for body flap faults in this study. Since the sliding mode control has strong robustness, it is widely used in control systems [34] . References [35] and [10] proposed two terminal sliding mode fault-tolerant control schemes for HFV attitude systems. The loss of effectiveness of actuators and external disturbances are tolerated by these control schemes. Unlike the traditional sliding mode technique, the terminal sliding mode control can reach the desired value in finite time. The exponential function of an output error is utilized in terminal sliding surfaces, but such function may become imaginary when the actual output is less than the desired output command. Therefore, a nonsingular terminal sliding surface [36] that can avoid the imaginary function is adopted in this study. Chattering occurs extensively in the sliding mode technique, and double-loop sliding surfaces may further aggravate the chattering problem. Thus, a nonsingular terminal sliding mode technique is used only in the outer loop to obtain the virtual control signal, whereas a dynamic surface technique is applied to the inner loop to obtain the final controller. When a vehicle enters the atmosphere, aerodynamic forces and moments begin to act on the vehicle, which can stabilize the attitude system [37] . The desired control torque provided by eight control surfaces is typically insufficient during the reentry phase because of the rarefied air and low dynamic pressure. Therefore, ten reaction control system (RCS) jets are equipped on an HFV as an auxiliary control system. Through these RCS jets, the residual control torque can be supplemented when the desired control torque cannot be satisfied. Unlike the control torque generated by aerodynamic surfaces, the moments produced by RCS jets are discrete. Each jet has only two states: on or off. Thus, 1024 operating modes are available. In this study, an improved quadratic programming (QP) allocator is designed to select the most suitable operating states of RCS jets under different flight conditions. The main contribution of this paper can be summarized as follows:
Terminal sliding mode technique and dynamic surface control are combined to design a self-healing controller for hypersonic flight vehicle with body flap fault. With this two techniques, the design of controller can not only be simplified, but also the singular problem can be avoided.
Considering the problem of actuator saturation and lack of torques, we design a QP allocation method so that the reaction control system can be actuated as an auxiliary actuator to provide control torques. The remaining parts of this paper are organized as follows. A mathematical model for the attitude system of X-33 HFV with aerodynamic surface faults and disturbances is developed in Section 2. The sliding modebased virtual controller and the dynamic surface-based faulttolerant controller are presented in Section 3. An allocation scheme for RCS jets implemented via the QP technique is proposed in Section 4. In Section 5, several contrast simulations are conducted to demonstrate the validity of the proposed control scheme. Finally, conclusions are provided at the end of this paper.
II. MODEL DESCRIPTION AND CONTROL STRUCTURE OF A HYPERSONIC FLIGHT VEHICLE
This section briefly describes the attitude control system of an HFV with actuator faults. The widely used attitude dynamic model at present is a complex nonlinear system with six degrees of freedom that has been developed by NASA's Langley Research Center. This nonlinear system is described by six equations of attitude angle and attitude angular rate [9] . The basic structure of the fault estimation and fault-tolerant control system is shown in Fig. 1 . The attitude angular loop is the outer loop, whereas the attitude angular attitude rate loop is the inner loop.
The angular velocity of the Earth is close to zero during flight. Then, the attitude dynamic system described by a set of equations that are simplified from six degrees of freedom is given by [9] ,
where p,q,r are the roll rate, pitch rate, and yaw rate, respectively; T 1 , T 2 , T 3 represent the total rolling control moment, total pitching moment, and total yawing moment, respectively; and J is the symmetric positive definite inertia matrix.
For convenience of analysis and considering the flying situation in which the actuator experiences additive fault, the simplified attitude system with an actuator fault can be shown as follows:
where
bances, including parametric uncertainty and external disturbances. B(·) ∈ R 3×8 is the control allocation matrix, and
T are the right and left inboard elevens, right and left body flaps, right and left rudders, and right and left outboard elevens. f δ is the additive fault that occurs on aerodynamic surfaces. T RCS = u RCS is the control torque that is generated by the reaction control jets. The nonlinear attitude model for hypersonic flight with additive fault has been established at this point. In the succeeding sections, this study aims to design an adaptive fault estimation algorithm and a fault-tolerant controller for the attitude system of HFVs via the sliding mode technique and dynamic surface control technique.
III. FAULT TOLERANT CONTROLLER DESIGN
In this section, an actuator fault estimation algorithm and a fault-tolerant controller for the attitude system of HFVs is developed based on the sliding mode technique and the dynamic surface control approach. A sliding mode surface is defined based on the desired output signal to obtain the virtual control command. This virtual control command is then applied to the inner loop to design the dynamic surface faulttolerant controller. To design the fault-tolerant controller, the following assumptions are required.
Assumption 1: The values of the compound disturbances are continuous and bounded, and positive constants d 1 and
Remark 1: Aerodynamic surfaces operate within their specific admissible ranges; therefore, the additive aerodynamic surface fault is bounded. In addition, the deflection rate of an aerodynamic surface is also limited. Hence, the derivative of such additive aerodynamic surface fault is also bounded.
A. TERMINAL SLIDING MODE VIRTUAL CONTROLLER DESIGN
The faulty systems, i.e., Eqs. (2)- (4), are divided into the inner angular velocity loop and the outer attitude angle loop. For the attitude angle loop, the terminal sliding mode surface is selected as follows:
is the diagonal matrix of the outer loop gain. Then, when the time differentiation of S is taken, the following can be obtained:
For the outer attitude angle loop, with the terminal sliding mode reaching law that selected as follows, the system can asymptotically reach the sliding surface:
where ε 1 and ε 2 are positive constant scalars, and 0 < η 3 < 1. From Eqs. (7) and (8), the virtual control input can be obtained as
whered is the estimation value of compound disturbance d, and the adaptive estimation algorithm ofd is developed as follows:ḋ
where 1 = diag {λ 11 , λ 12 , λ 13 } is the adaptive learning rate. Theorem 1: When the given virtual control ω c and the adaptive estimation algorithm, i.e., Eq. (10), are applied, the sliding surface S can converge to the equilibrium point in finite time and the attitude angle can asymptotically track the desired attitude output command θ d .
Proof: For the outer loop system of HFVs, the Lyapunov function, including the sliding surface and estimation error, can be defined as follows:
whered =d − d is the estimation error, Then, when the derivative of equation V S with respect to time is taken, the following can be obtained:
When the virtual control equation, i.e., Eq. (9) is substituted into Eq. (12), the following calculation is derived:
where κ = |d 1 Td 2 |, λ min (·) denotes the minimum characteristic value of the corresponding matrix. Then, the system will converge to the following:
Therefore, we can select the appropriate parameters, namely, ε 1 , ε 2 and 1 to make the system converge to the expected region. The asymptotic output tracking of an angular rate can be guaranteed with the virtual control, i.e., Eq. (9).
However, the signum function in the virtual control input, i.e., Eq. (9) is discontinuous, which may lead to the chattering of the angular rate command signal. Thus, the following continuous approximation function is substituted into Eq. (9):
where ϑ i are the adjustable parameters that are selected in the following form:
In the ideal situation, ν is not necessary. However, the virtual control value may be equal to zero in real-life applications. Hence, a negative scalar ν that is close to zero is selected to avoid the singular point.
Remark 2: Adjustable item ϑ i can change along with the feedback value of virtual control ω c . Consequently, chattering can be weakened and response speed can be guaranteed.
To obtain the desired attitude angle command ω d , a firstorder filter is applied in this study to process the virtual control input ω c , which can be denoted as follows:
where τ > 0 is the filter time constant. Then, the attitude angle tracking error vector can be calculated as follows:
whereμ = ω d − ω c is the filter error.
B. DYNAMIC SURFACE FAULT TOLERANT CONTROLLER DESIGN
After the virtual control commands of the angular rate are derived, the inner loop attitude controller can be designed to make the angular output track the desired output command. The double-loop sliding mode technique may cause a supposition of chattering; hence, the dynamic surface control technique is considered in this study to reduce chattering and simplify the fault-tolerant controller. The control item output feedback part is used to obtain the desired performance, whereas the accommodation part is used to compensate for the aerodynamic surface fault and compound disturbances. The following equation can be obtained by taking the derivative of the angular rate tracking error with respect to time:ω
For convenience of analysis, the aerodynamic surface fault Bf δ is denoted as ϕ(t) in the succeeding sections. When Eq. (19) is considered, the fault-tolerant controller for the inner angular rate loop is designed as follows:
where 2 = diag {λ 21 , λ 22 , λ 23 } , (λ 2i > 0, i = 1, 2, 3) is the designed diagonal gain matrix,φ is the estimation value of ϕ. Remark 3: With this control allocation method, the deflection angles of eight aero-surfaces can be calculated via a constant matrix directly, so the operation time can be saved. However, the utilization efficiency of aero-surfaces is not satisfactory with this method, and designing a fast and efficient allocator will be considered in our future work.
The adaptive estimation algorithm ofφ is designed as follows:φ
where ϒ is the designed diagonal gain matrix such that
. Substituting (20) into equation (19) , one can obtain the attitude angular rate error dynamic as follows:
Theorem 2: When the given fault-tolerant control, i.e., Eq. (20) , and the adaptive estimation algorithm, i.e., Eq. (21), are applied, the attitude angle can asymptotically track the desired attitude output command θ d .
Proof: For the entire attitude system, i.e., Eqs. (2)- (4), of an HFV, the following Lyapunov function can be defined as
For a simple description, one can denote that
Let η 1 = 1, then taking the time derivative of V 1 , the function becomes
Since S can converge to a bounded range in finite time, one can denote that lim t→+∞ S 2 ≤ , where
for the positive value |θ T ε 1 S|, the following expression is known
Meanwhile, a similar process is performed for other items. Then, Eq. (25) can be rewritten as follows:
For the filter error item, the following inequality holds [38] :
is a continuous and bounded function. When Eq. (17) is considered and Eqs. (27) ?¨C(28) are substituted into Eq. (24),V 1 can be calculated as:
In addition, when the time derivative of V 2 is taken, the function is transformed into:
In accordance with Remark 2, positive constantsφ 1 andφ 2 exist, such that ϕ ≤φ 1 and φ ≤φ 2 . Thus, the derivative of the Lyapunov function V with respect to time can be rewritten as followṡ
+η (31) VOLUME 6, 2018 
ϕ is a continuous and bounded function. When the appropriate parameters are selected as follows,
Then, on the basis of [38] , all the signals in the attitude system of HFVs are uniformly bounded.
Since that the body flaps are the most influential actuators in generating control torque, it is assumed that the right body flap has a fault in this paper. However, the fault estimation and self-healing control method are also applicable to other aero-surfaces, but not suitable for different kinds of fault such as gain loss fault and stuck fault.
IV. CONTROL ALLOCATION FOR RCS JETS
The control torque provided by aerodynamic surfaces may not reach the desired control torque command especially in reentry phase because of the thin air. For example, the desired deflection angle may out of the admissible ranges of the aerodynamic surfaces when the needed control torque is too large. The admissible ranges for aerodynamic surfaces are given in Table 4 .1.
To provide sufficient control torque, HFVs are typically equipped with RCSs for attitude control during the reentry flight phase. In this section, RCS jets are adopted as auxiliary actuators to provide the residual control torque for HFV attitude trajectory tracking. Once aerodynamic surface fault and saturation lead to the incapability to supply sufficient control torque, then the 10 reaction control jets (or some of them) are opened to assist the aerodynamic surfaces.
In this study, the residual control torque is considered as
where T δ is the control torque generated by the saturated aerodynamic surfaces. T s is the difference between the residual control torque and the torque provided by RCS. And T RCS is generated by 10 reaction control jets, which can be denoted in the following form,
where ∈ R 3×10 is the control torque matrix, and u i (i = 1, 2, . . . 10) denote the switch vector for the corresponding reaction control jets, u i = 1 means that the i-th reaction control jet is running, whereas u i = 0 denotes that the i-th reaction jet is off..
For the reaction control jets, 2 10 combining forms to provide different control torque. The primary objective is to find an allocation vector that can generate the closest control torque to the residual control torque. The attitude system indicates that the roll angular rate and the yaw angular rate are affected by control torques T 1 and T 3 . The pitch angular rate is only related to the control torque T 2 , therefore, the weights should be adjusted based on different aerodynamic surface faults. The secondary objective is to minimize the number of fired jets. Thus, the allocation problem can be transformed to solve the following linear programming problem:
where σ is the secondary allocation weight that satisfies 0 < σ < 0.5. W i (i = 1, 2, 3) are the weights that represent the penalty for errors in the roll, pitch, and yaw axes.
Remark 4:
The constraints given in Eq. (34) ensure that the effective control torque generated by RCS will not exceed the magnitude of the desired residual moment [39] . For inboard and outboard eleven faults, the upper bound of the deflection angles is equal to their lower bound; thus, RCS jets are unnecessary in these fault situations. However, for body flap and rudder faults, the compensation signals may be unequal to the fault estimation value in the following situation:
where δ imin is the lower bound of deflection angle. Therefore, RCS jets should be used to provide the residual torque for the fault-tolerant control.
V. SIMULATIONS
The effectiveness of the proposed controller is verified by comparing the attitude tracking performance in fault-free case and in cases with actuator fault. Given that the body flaps are most influential actuators on the generation of control torque, so the body flaps fault is considered in this section. 
A. SIMULATION FOR FAULT-FREE CASES
In this case, all the aerodynamic surfaces are assumed healthy. First, we assume that the control torque is only provided by aerodynamic surfaces while the admissible ranges of each aerodynamic surface are added to the simulation. For comparison, ten RCS jets are considered to provide auxiliary control torque. The torque matrix that corresponds to RCS is provided as follows [39] . First, it is assumed that the control torques are sufficient, and the responses of six states are shown in figure 2 and figure 3 . In contrast, the method in [9] is conducted in this part, (37) , as shown at the bottom of this page. From figure 2 and figure 3 one can find that the angular rates are stable and the attitude angles can track the given command when the control torques are sufficient. However, the responses are unsatisfactory using the method in [9] because it didn't consider the situation of lack of torques. Then, the responses of six states are shown in figure 4 and figure 5 . The deflection of aerodynamic surfaces is shown in figure 6 (blue).
As shown in figure 4 and 5, the control torque generated by aerodynamic surfaces is insufficient for attitude tracking control. Blue curves in figure 6 show that the aerodynamic surfaces have reached their maximum deflection range in the opening 5s. Thus, RCS jets must be started to provide the residual control torque. Red response curves in figure 2 and 3 show that when the RCS jets are opened, the attitude angular command can conduct trajectory tracking of the desired attitude angular command. Then, figure 7 gives the on/off states of 10 RCS jets. When the system becomes stable, the control torque approximates zero. Then, the RCS jets are closed.
B. SIMULATION FOR BODY FLAPS FAULT
Body flaps are the most influential actuators in generating control torque, and thus, the right body flap is assumed to have a 20(deg) additive fault in this subsection, which can be denoted as f δ3 = 0, t < 15s f δ3 = 20, t ≥ 15s (38) Simulations are conducted with such additive faults. The results of attitude tracking responses and fault estimation are shown in figures 8 -10. When the right body flap obtains an additive fault at the 15th s, the fault accommodation item begins to operate. Red curves in figure 6 give the deflection angles in fault case. As shown in figure 8 , the fault estimation algorithm can satisfactorily approximate the actual fault signal. And the system states can track the desired command with faulttolerant controller. For comparison, different tracking responses in the fault case are shown as blue dotted lines in figure 9 and 10, from which the attitude angle deviates from the desired attitude angular command under a normal controller. However, attitude tracking performance can be guaranteed with the designed fault-tolerant controller.
VI. CONCLUSION
This study proposed a sliding mode and dynamic surfacebased fault-tolerant method to control a faulty HFV with mixed aerodynamic surfaces and RCS jets. The developed algorithm can estimate fault amplitude due to state errors and compensate these errors, thereby preventing trajectory derivation of the attitude system. The nonsingular sliding mode technique can avoid the imaginary when the angular errors are negative. Compared with the double loop sliding mode controller, the dynamic surface in inner loop not only simplified the controller structure but also reduced chattering. With the designed quadratic programming allocator, RCS jets can provide residual control torques when the aero-surfaces are saturated. The simulation results obtained were also compared with the performance of a nominal controller, thereby validating the proposed method. In the future, the estimation process of actuator faults can be improved to make it suitable for actuator stuck faults.
